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Abstract 
The Mediterranean fruit ﬂy (Ceratitis capitata) is an invasive agricultural pest with a wide host range and a nearly 
global distribution. Efforts to forgo the medﬂy’s spread into the United States are dependent on an understanding of 
population dynamics in newly established populations elsewhere. To explore the potential inﬂuence of demographic 
and historical parameters in six medﬂy populations distributed from Mexico to Peru, we created population genetic 
null models using Monte Carlo simulations. Null expectations for genetic differentiation (FST) were compared with 
actual sequence variation from four highly polymorphic nuclear loci. Four colonization scenarios that were modeled 
led to unique genetic signatures that could be used to interpret empirical data. Unless current gene ﬂow across Latin 
America was assumed to be very high, we could reject colonizations consisting of multiple introductions, each of 
low genetic diversity. Further, if simulated populations were small (Ne = 5 × 102 individuals per population), small 
invasions from a single source consistently produced FST values comparable to those currently observed in Latin 
America. In contrast, only large invasions from diverse sources were compatible with the observed data for large 
populations (Ne ≥ 5 × 103). This study demonstrates that alternative population genetic hypotheses can be tested 
empirically even when departures from equilibrium are extreme, and that population genetic theory can be used to 
explore the processes that underlie biological invasions. 
Abbreviations: FST – Wright’s FST, the most common metric for quantifying genetic population differentiation; 
Ne – effective population size; Nem – gene ﬂow, represented as the number of successful migrants leaving 
(and entering) each population per generation 
Introduction Mediterranean fruit ﬂy (Ceratitis capitata) have been 
at the forefront of interdiction and eradication efforts 
Invasions of exotic pests and pathogens constitute a over the past three decades. In California alone, it is 
growing threat to agriculture, human health and the nat- estimated that established populations of the Mediter­
ural environment (Metcalf 1995b; Schrag and Wiener ranean fruit ﬂy, or medﬂy, would result in losses of over 
1995). For growers and agricultural managers in the one billion dollars annually in lost crop value and jobs 
United States, potential threats posed by the invasive (Siebert and Cooper 1995). An understanding of basic 
population level processes is necessary for successful 
interception and eradication of the medﬂy and other 
exotic pests. These processes include the source and 
demography of the invasion, current population struc­
ture and the minimum number of individuals required 
for a successful invasion (e.g. Carey 1991, 1996). 
As with other invasive species, population genetic 
studies can be used to study medﬂy invasion biology. 
For example, some of the controversy surrounding the 
colonization history of C. capitata in the United States 
(Carey 1991, 1992; Saul 1992) can be resolved using 
genetic markers (Gasparich et al. 1997; Villablanca 
et al. 1998; Davies et al. 1999; He and Haymer 
1999). Similarly, information on demography and dis­
persal might be inferred from genetic data in popu­
lations that are already established. However, simple 
interpretations of medﬂy population genetic structure 
are complicated by severe departures from a drift-
gene ﬂow equilibrium. In the last 100 years, the range 
of this species has been extended globally following 
repeated invasions, which has impacted the distribution 
of genetic variation both within and among populations 
(Malacrida et al. 1992; Gasparich et al. 1997; Gomulski 
et al. 1998). This suggests that historical and contem­
porary processes will be difﬁcult to separate using a 
static picture of genetic composition. Genetic similar­
ities among distant populations might reﬂect a recent, 
widespread invasion, current high levels of dispersal 
or a combination of these factors. After populations 
become established, the initial genetic signature of 
range expansions and founder events will be eroded, 
and genetic population structure will eventually reﬂect 
levels of mutation, gene ﬂow and random drift. How­
ever, it is often difﬁcult to determine where any species 
lies on this trajectory between initial conditions and an 
eventual equilibrium state. Although a number of direct 
and indirect tests have been proposed to separate these 
factors (Slatkin 1993; Templeton 1998; Bohonak and 
Roderick 2001), no single method is applicable to all 
taxa or all genetic markers. 
Parametric bootstrapping provides a way to sta­
tistically contrast alternative invasion pathways and 
mechanisms. Although primarily restricted to appli­
cations in systematics (Huelsenbeck et al. 1996), this 
approach has also been used to test hypotheses, gen­
erate conﬁdence intervals and assess sampling bias in 
ecology (Manly 1997) and population genetics (Tufto 
et al. 1998). We used parametric bootstrapping to test 
alternative colonization scenarios for populations of 
C. capitata that have been established in Latin America 
for approximately 100 years. Speciﬁcally, we used 
Monte Carlo simulations to generate null models for 
genetic differentiation during the ﬁrst 1000 genera­
tions following one of four colonization scenarios. 
These models allowed us to (1) understand how genetic 
diversity changes in invading medﬂy populations over 
time, (2) determine if alternative invasion histories 
yield statistically distinct patterns of genetic struc­
ture and (3) test for concordance between empiri­
cal data and each invasion scenario. This approach 
is ﬂexible enough to permit the future investigation 
of additional scenarios in light of new ecological or 
genetic data. Robustness of the conclusions can be 
assessed by varying simulation parameters within a 
biologically meaningful context, because the history 
and biology of C. capitata is well known due to its 
economic importance (e.g. Metcalf 1995a; Roderick 
1996b). By extension, our results demonstrate the 
utility of Monte Carlo simulation studies for inves­
tigating demography, gene ﬂow, colonization his­
tory and population bottlenecks in other species that 
are invasive, endangered or comprised of short-lived 
metapopulations. 
Methods 
Latin American simulation parameters 
We modeled the evolution of gene genealogies using 
the program ESP (Bohonak and Roderick 2000). ESP 
utilizes Monte Carlo simulations to follow the evolu­
tion of unique alleles (e.g. non-recombining sequences 
of DNA) across multiple populations, incorporating 
random genetic drift, mutation and gene ﬂow. Migra­
tion, mutation and reproduction are represented as sim­
ple Poisson processes, and mating conforms to the 
standard Wright–Fisher model, with each individual 
contributing a large number of gametes to the gamete 
pool (Hartl and Clark 1989). Mutation occurs accord­
ing to an inﬁnite allele model (Kimura and Crow 1964). 
Populations can be ‘colonized’ with user-deﬁned gene 
frequencies or by sampling from an ancestral gene 
pool (algorithms described in Bohonak and Roderick 
2000). Population differentiation, heterozygosity and 
allelic diversity are summarized across replicates. The 
primary advantage of this approach for analysis of 
relatively young medﬂy populations is that it facil­
itates hypothesis testing without the assumption of 
equilibrium. 
To simulate invading populations of C. capitata, we  
ﬁrst founded 100 Latin American populations using 
one of the colonization scenarios described below. 
Following this ‘invasion’, gene ﬂow within Latin 
America was assumed to follow an island model 
(Wright 1931). Whether the island model provides an 
acceptable approximation to spatially explicit migra­
tion patterns will depend on many factors, including the 
time since colonization and the rate of drift. Under most 
of the conditions relevant for Latin American med­
ﬂies (very young and possibly very large populations), 
founder effects will dominate patterns of differentiation 
more than ongoing gene ﬂow. As a result, we expected 
few qualitative differences between island and spatially 
explicit models of migration. 
To follow evolution at four independent genes 
(loci), mutation rates were set at μ = 1.00 × 10−8/ 
bp/generation, which approximates mitochondrial and 
nuclear synonymous substitution rates (Li 1997). 
Sequence length for each locus was 600 bp. Population 
differentiation was calculated at 50 generation intervals 
for 1000 generations, based on a random sample of 
six populations, with four haplotypes (i.e. sequences) 
per population for each locus (consistent with the 
sample sizes of Davies et al. 1999; see Table 1). 
Table 1. Allelic diversity of medﬂy populations at four 
intron-containing loci. 
Population Actin Chorion SOD Vitellogenin 
Latin America 
Brazil 2 (2) 1 (2) 2 (2) 2 (2) 
Costa Rica 5 (7) 4 (6) 3 (5) N/A 
Ecuador 3 (5) 2 (3) 3 (3) 4 (4) 
Guatemala 3 (8) 2 (8) 2 (3) 5 (7) 
Mexico 3 (3) 3 (4) 3 (4) 2 (5) 
Peru 3 (6) 2 (2) 3 (4) 2 (4) 
Africa 
Malawi 5 (5) 3 (4) 8 (8) 5 (5) 
Kenya 9 (12) 7 (9) 7 (8) 8 (9) 
Regional 
Latin America 8 (31) 6 (25) 13 (21) 13 (22) 
(6 populations) 
Africa 12 (17) 9 (13) 15 (16) 12 (14) 
(2 populations) 
Other 7 (20) 8 (19) 14 (23) 7 (16) 
(3 populations) 
Global 
(11 populations) 19 (68) 18 (57) 38 (60) 32 (52) 
The ﬁrst number for each entry represents the number of unique 
alleles, and the total number of haplotypes sequenced follows in 
parentheses (Villablanca et al. 1998; Davies et al. 1999). 
Davies et al. (1999) sequenced only one gene from most 
medﬂy individuals at each locus; consequently, our 
models focused at the level of the haplotype, rather than 
the individual. Recombination among alleles (deﬁned 
here as unique haplotypes) was not considered. 
For each sample, population differentiation was 
estimated as Wright’s FST with the statistic θ (Weir 
and Cockerham 1984). Results using an alternative 
statistic, <ST (Excofﬁer et al. 1992) were qualita­
tively similar due to low differentiation among poten­
tial source populations (see Davies et al. 1999) and are 
not reported here. 
Sensitivity analysis 
To examine the sensitivity of our conclusions to 
assumptions about effective population size (Ne) or  
gene ﬂow (Nem, the number of successfully migrating 
individuals per population per generation), we varied 
these two parameters across areas of parameter space 
that seemed biologically plausible. (The use of Nem to 
characterize gene ﬂow, rather than the per capita rate m, 
follows standard population genetic conventions.) In 
different sets of simulations, populations consisted of 
Ne = 2.5×102, 5×102, 5×103 or 1×104 individuals, 
and migration rates were Nem = 5 × 10−5, 0.05, 0.5 
or 5 individuals per generation. All 16 combinations 
of these two parameters were simulated 200 times for 
each of the four colonization scenarios (see below). In 
total, 12,800 random simulations were conducted. To 
simplify interpretation, we present here only the 95% 
conﬁdence intervals for effective population sizes of 
2.5×102, 5×103 and 1×104 individuals, and migration 
rates of Nem = 5 × 10−5, 0.5 and 5 individuals per 
generation. 
Single invader colonization scenarios 
The demographic and temporal complexities of bioin­
vasions can be categorized in a variety of ways 
(e.g. Lovette et al. 1999). In a genetic context, the 
most relevant factors are the number of colonists 
per population, diversity within source populations 
and genetic divergence among source populations. To 
explore the impact of these factors, we simulated 
colonizations of Latin America using four alternative 
scenarios (Table 2). The single source/single invader 
scenario (SS/SI) represented the rapid proliferation of 
an invading allele into 100 populations (i.e. all hap­
lotypes were identical at generation 0). This scenario 
Table 2. Description of colonization scenarios. 
Scenario Unique ancestral 
alleles 
Initial θ Ancestral conditions 
SS/SI: 
Single source/ 
Single invader 
1 Undeﬁned (0) One allele 
MS/SI: 
Multiple sources/ 
Single invaders 
100 1 One unique allele per population, each 
two mutational steps from all others 
SS/MI: 
Single source/ 
Multiple invaders 
24–39 −1 × 10−4 to 2 × 104 All haplotypes chosen randomly from a 
single ancestral population, with no 
bottleneck 
MS/MI: 
Multiple sources/ 
Multiple invaders 
134–191 0.09–0.10 Each population descends from one 
randomly chosen ancestral population, 
with no bottleneck 
Unique ancestral alleles is the number of unique alleles present in colonizing individuals over all 100 populations. Arrows in the diagrams 
represent invasions and open circles denote new populations. Filled circles represent computer-generated, diverse ancestral populations. 
represents the invasion of one (a gravid female) or a few 
individuals from a genetically depauperate source. The 
multiple source/single invader scenario (MS/SI) began 
with each population possessing its own unique geno­
type. MS/SI represents multiple introductions, each of 
a single, homozygous gravid female or a small group 
of homozygous individuals. Initial values of FST were 
undeﬁned (near 0) and 1 for the SS/SI and MS/SI 
scenarios, respectively. 
Multiple invader colonization scenarios 
Conceptually, SS/SI and MS/SI represent extremes 
along an axis that describes the genetic diversity among 
source populations. However, diversity within source 
populations is very low for these two scenarios. We 
used ESP to create realistically diverse source popu­
lations for additional scenarios, using genetic studies 
of African medﬂies as a guide. Sub-Saharan Africa 
is believed to be the ancestral source of all present-
day C. capitata (White and Elson-Harris 1992), and 
populations in this region show higher levels of mito­
chondrial diversity than other areas of the world 
(e.g. Gasparich et al. 1997). Previous studies of nuclear 
loci in two populations in Africa have also shown 
high diversity within and low subdivision among pop­
ulations (Gasperi et al. 1991; Barufﬁ et al. 1995; 
Villablanca et al. 1998). Coalescent analysis (Kuhner 
et al. 1995) of African populations studied by Davies 
et al. (1999) suggests an effective population size of 
3 × 105 to 3 × 107 medﬂies in Africa across a range of 
likely mutation rates. 
We randomly generated ancestral source populations 
in ESP using the following parameters: for each set 
of ancestral populations, 200 populations of Ne = 
5×103 haplotypes were permitted to evolve for 5×105 
generations, beginning with a single allele of 600 bp 
(μ = 1.00 × 10−8/bp/generation, Nem = 2.5). This 
simulation was replicated six times, resulting in a total 
of 1200 ancestral populations. By the end of each 
replicate, alleles up to nine mutational steps from the 
original sequence had evolved, and the mean number 
of alleles per population had increased to 31 (SE = 7). 
This high diversity and low genetic subdivision (θ ≈ 
0.09) were consistent with theoretical expectations and 
with the empirical data from Africa (Table 1, Davies 
et al. 1999). Final allele frequencies and genealogies 
were saved for all ancestral populations. 
To contrast with the ‘single invader’ colonizations 
described above, these genetically diverse ancestral 
populations were used for ‘multiple invader’ scenar­
ios that occurred without bottlenecks (Table 2). In 
the single source/multiple invader scenario (SS/MI), 
one of the 1200 ancestral populations was randomly 
chosen as the source for every Latin American haplo­
type. In contrast, the multiple source/multiple invader 
scenario (MS/MI) began by randomly selecting one 
of the six ancestral simulations, and then found­
ing each of the 100 Latin American populations 
from one of the 200 ancestral populations in that 
simulation (i.e. within each Latin American population, 
all haplotypes descended from only one African ances­
tral population; see the propagule pool model of 
Slatkin 1977). The MS/MI scenario represents col­
onizations from 100 genetically diverse sources at 
approximately the same time. Unlike MS/SI, MS/MI 
assumes that no appreciable bottlenecks were associ­
ated with the invasion and establishment of C. capitata 
populations. 
Analysis of results 
Simulation results were compared with DNA sequence 
data from six populations in Central and South America 
(Table 1; Villablanca et al. 1998; Davies et al. 1999). 
For these populations, between 21 and 31 haplotypes 
have been cloned and sequenced from muscle speciﬁc 
actin intron 1, chorion s36 intron 1, vitellogenin 1 
gamma intron 2 and Cu/Zn super oxide dismutase 
intron 1. Differentiation across these populations is 
low (θ = 0.07–0.10). In the New World, from 6 to 13 
distinct alleles have been found per locus (18–38 glob­
ally). These numbers may be conservative estimates of 
allelic diversity because ‘singletons’ (base pair posi­
tions deﬁned by substitutions seen only once among 
all haplotypes sequenced) were pooled with more com­
mon haplotypes to avoid Taq polymerase artifacts (see 
Villablanca et al. 1998). 
Our primary goal was to reject (in a statistical 
sense) areas of parameter space that produce levels of 
genetic differentiation inconsistent with those observed 
in Latin America over biologically relevant time scales. 
For each parameter level/scenario combination, we 
looked for overlap between the theoretical and empir­
ical 95% conﬁdence intervals for FST. (When gener­
ating theoretical conﬁdence intervals, ESP considers 
FST as zero when all individuals in the sample are 
ﬁxed for the same allele.) An empirical CI of (0.068, 
0.098) was generated from 10,000 bootstraps (over 
loci, Weir 1990) of Davies et al.’s (1999) data. The use 
of Monte Carlo simulations for these types of statistical 
tests incorporates sampling variation, stochastic vari­
ation and variation in the initial state of the colonized 
populations. 
Using a relatively conservative criterion, we failed to 
reject a scenario-parameter combination if its CI over­
lapped (0.068, 0.098) at any point between generations 
200 and 1000. (C. capitata has at least two genera­
tions per year, and as many as nine in the tropics; the 
oldest populations in Latin America are approximately 
100 years old; Carey 1989; Enkerlin et al. 1989; 
Fimiani 1989; Metcalf 1995a; Liedo and Carey 1996.) 
Results 
When effective population size was large, muta­
tional pressures were sufﬁcient to quickly increase the 
number of alleles within each group of interacting pop­
ulations. Even in the SS/SI scenario, fewer than 50 gen­
erations were required to increase one allele to more 
than 40 (when Ne = 5×103) or 100 (Ne = 1×104). In 
contrast, the number of alleles tended to increase only 
slightly or decrease when Ne = 2.5 × 102. For small 
populations, low allelic diversity led to high variance 
in population differentiation for the SS/SI scenarios 
(e.g. compare conﬁdence interval sizes across columns 
in Figure 1). However, conﬁdence intervals for FST did 
not differ dramatically with effective population size 
in the three scenarios that began with multiple alleles. 
This suggests that sampling variation and variation in 
initial state are more important than stochastic variation 
among replicates. 
Equilibrium values for FST and the rate of approach 
to equilibrium varied predictably across parameter 
space, with low migration leading to higher popula­
tion divergence and slower approaches to equilibrium 
(compare rows in Figure 1). Within 1000 generations, 
population differentiation stabilized in the medium and 
high migration simulations for Ne = 2.5×102 but none 
of the simulations for Ne ≥ 5 × 103. 
In eight of nine parameter combinations, MS/SI 
could be easily distinguished from the other scenarios 
throughout the ﬁrst 500 generations after colonization. 
In six of these cases, the MS/SI conﬁdence interval 
did not cross the other three scenarios within the ﬁrst 
1000 generations. Conﬁdence intervals for MS/MI and 
SS/MI overlapped broadly in every case, although the 
size of this overlap decreased with increasing Ne. For  
Ne ≥ 5 × 103, the conﬁdence interval for FST in the 
SS/SI scenario rarely increased above zero. In general, 
the genetic signature of founder events persisted in 
all scenarios unless migration was high and effective 
population size was very low. 
Because each scenario led to distinct changes in pop­
ulation differentiation over time, conclusions regarding 
Latin American populations of C. capitata were pos­
sible. To a large extent, these conclusions depended 
on effective population size (Table 3). For the small­
est populations, observed values of FST could not be 
Figure 1. 95% conﬁdence intervals for FST following one of four colonization scenarios (Table 2). Each plot shows the upper and lower bounds 
of the four conﬁdence intervals (200 Monte Carlo simulations each) for a particular value of Ne and Nem. Thin gray boxes border a 95% CI 
calculated from empirical data (vertical axis) and potential ages for Latin American medﬂy populations (horizontal axis; see text for details). 
Table 3. Simulation results. 
Population Gene ﬂow SS/SI SS/MI MS/MI MS/SI 
size (Ne) Nem 
2.5 × 102 5 × 10−5 * * 
0.5 * * 
5 
5 × 103 5 × 10−5 * 
0.5 * 
5 
1 × 104 5 × 10−5 * 
0.5 * * 
5 * * 
Stars indicate scenario-parameter combinations which can be 
rejected (see Figure 1). 
rejected for either of the single source invasions (SS/SI 
and SS/MI). Due to drift, population differentiation in 
the MS/SI and MS/MI simulations quickly increased 
to levels beyond those observed in Latin America, 
except when gene ﬂow was very high. Additional 
simulations (not presented) showed similar results for 
Ne = 5 × 102. However, as gene ﬂow Nem increased 
from 0.5 to 5, genetic panmixia led to an inability 
to distinguish among scenarios, and none of them 
could be rejected statistically. It is possible that an 
increase in sample size and/or the number of loci 
would decrease the size of the theoretical conﬁdence 
intervals and increase the statistical power of these 
tests. 
As population size increased to Ne ≥ 5 × 103, the 
congruence between SS/SI scenarios and the empirical 
data began to disappear (Figure 1, Table 3). For these 
larger populations, only multiple invader colonizations 
consistently yielded levels of population differentia­
tion comparable to those observed empirically. The 
approach to equilibrium in the two single invader sce­
narios slowed enough that theoretical predictions for 
FST generally remained either above or below empirical 
values. In contrast, differentiation for MS/MI (and, to a 
large extent, SS/MI) was concordant with the empirical 
values at the population’s origins and changed little in 
1000 generations. 
In summary, multiple invader scenarios (MS/MI and 
SS/MI) were compatible with the observed data over a 
wide range of parameter space. However, if medﬂy 
introductions can be assumed to occur via extreme 
bottlenecks (one or a few genotypes per population), 
a scenario involving multiple introductions (MS/SI) is 
far less likely than rapid geographic radiation from a 
single source of low diversity (SS/SI). 
Discussion 
Despite the potential complexities of interpreting 
genetic structure in recent populations, we found that 
different invasion scenarios often produce distinct sig­
nals in genetic population structure during the ﬁrst 
1000 generations after colonization. When FST was 
used to compare theoretical expectations from para­
metric bootstrapping with empirical data, the qualita­
tive conclusions were relatively straightforward. The 
MS/SI model can be rejected unless current gene ﬂow 
is extremely high across Latin America. If effective 
population size for Latin American populations of 
C. capitata are small, low-diversity invasions best 
approximate the empirical data. If population sizes are 
large, colonizations from moderately diverse sources 
(such as sub-Saharan Africa) produce levels of differ­
entiation comparable to those observed by Davies et al. 
(1999). 
Some invasive species (such as the Mediterranean 
fruit ﬂy) have been hypothesized to constitute ‘meta­
invasions’ that are temporally and geographically com­
plex (Davies et al. 1999). Distinguishing simple 
patterns of colonization from metainvasions may be 
difﬁcult using the markers and analytic techniques that 
are currently available, although our analyses here are 
consistent with a demographic and genetic linkage 
among invading populations. Using parametric boot­
strapping, we have begun to analyze the genetic sig­
natures from colonizations more complicated than the 
four analyzed here. For example, one might expect two 
SS/MI invasions 100 generations apart (each contribut­
ing to 50% of the populations) to produce levels of dif­
ferentiation intermediate between SS/MI and MS/MI. 
However, FST increases dramatically following the sec­
ond invasion, due to the temporal lag in establish­
ment. The high estimates of differentiation observed 
in this and similar metainvasions might resemble sim­
pler scenarios involving widespread introductions with 
extreme bottlenecks (MS/SI), but there would be no 
easy way of distinguishing them from the genetic 
data alone. Inferences from standard phylogeographic 
analyses might fail, because potential source popu­
lations of metainvasive species are often too young 
for informative mutations to have reached ﬁxation 
(Gasparich et al. 1997). Consequently, we stress that 
hypothesis testing via parametric bootstrapping cannot 
provide deﬁnitive proof that a particular invasion sce­
nario has occurred. Rather, this approach provides a 
ﬂexible framework for (1) rejecting speciﬁc scenarios, 
(2) suggesting empirical parameters that require fur­
ther study (e.g. population size, the extent to which 
colonization and dispersal are distinct processes) and 
(3) quantifying the statistical beneﬁts of altered sam­
pling strategies (e.g. increasing sample sizes, number 
of loci). 
Unlike some alternative analyses, our conclusions 
do not require assumptions such as equilibrium, an 
inﬁnite number of populations, or the absence of muta­
tion (Roderick 1996a; Bohonak 1999). The ﬂexibility 
of these simulations permits the plausibility of addi­
tional colonization scenarios to be determined as new 
genetic and ecological evidence is uncovered. More 
complicated algorithms for migration or mating struc­
ture could also be introduced. Assessment of structural 
patterns within the haplotype networks for each gene 
can also provide additional insights. For example, if a 
SS/SI invasion took place, one would predict that the 
most common New World allele should be present in 
the ancestral population, and that all other New World 
alleles should be absent elsewhere. Based on this crite­
rion, a simple SS/SI scenario can be rejected, because 
Latin American alleles occupy more than one internal 
node in each of the four haplotype networks (Davies 
et al. 1999). It remains to be seen whether empirically 
observed patterns of population differentiation and 
genealogy can be explained by single source coloniza­
tions that lie along the continuum between extreme bot­
tleneck (SI invasions) and no bottleneck (MI invasions). 
In light of the potential complexity of the invasion 
process and the extreme departures from equilibrium 
that are involved, the relative advantages of other ana­
lytic approaches should also be explored (e.g. Rogers 
1995; Bertorelle and Rannala 1998; Templeton 
1998). 
Detailed knowledge of medﬂy invasion biology 
should also guide the types of genetic analyses con­
ducted. For example, it has been hypothesized that 
one or more C. capitata populations may already be 
established in California (Carey 1991, 1992; but see 
Voss 1992). If this is true, genetic approaches focused 
on these established populations may be as important 
for management as approaches focused on invading 
individuals. For example, the genotypes of ﬂies caught 
in successive years could provide the basis for using 
assignment tests (Rannala and Mountain 1997) to pre­
dict the likelihood of a resident population. Alterna­
tively, one could begin with the assumption that one or 
more hypothetical resident populations does exist, and 
identify its probable demographic composition based 
on theoretical expectations. Because studies of invasive 
species are used in both predictive and retrospective 
frameworks, a synthesis of ecological and population 
genetic data is imperative. 
Our results from Latin America medﬂies emphasize 
the importance of ecological studies for population 
genetics. Many simple or complicated colonization 
scenarios might be rejected a priori based on non-
genetic data. For C. capitata, the ability to test the 
likelihood of hypothesized colonization scenarios also 
depends critically on estimating effective population 
size (Table 3). These estimates could be obtained 
in several ways. Despite the difﬁculties of translat­
ing census population size (N ) to effective popula­
tion size (Ne) (Gilpin 1991; Nunney and Elam 1994; 
Frankham 1995), demographic and behavioral studies 
of C. capitata could provide an upper bound for Ne. 
Alternatively, coalescent analysis of a large number 
of individuals from populations in the medﬂy’s native 
range may be informative, if geologic and biogeo­
graphic evidence suggests that these populations have 
been stable for long periods of time. (In reality, the 
long-term stability of these populations is not fully 
understood. Although Africa is likely to be the ances­
tral origin of C. capitata, the current cultivation of crops 
in this region suggests that recent range extensions 
could have occurred.) Any approach that provides an 
unbiased estimate of Ne and an associated error rate 
(e.g. Kuhner et al. 1995) may provide enough infor­
mation to help distinguish among some colonization 
scenarios. 
As with many invading species, studies of the 
Mediterranean fruit ﬂy are limited for both techni­
cal and theoretical reasons (Roderick et al. 1998). 
A paucity of variation in traditional genetic mark­
ers means that techniques such as SSCP, AFLPs and 
sequencing of EPIC loci must be employed. Further, 
the alleles which are present do not tend to sort 
cleanly into phylogeographic groups, and they are not 
amenable to simple interpretations of FST in terms 
of gene ﬂow and drift. Previous studies (Gasparich 
et al. 1997; Davies et al. 1999) have made progress in 
determining one of the most critical management ques­
tions: where do invading medﬂies come from? Here 
we have addressed more detailed questions concern­
ing invasion demographics, with encouraging results. 
Alternative colonization scenarios can be distinguished 
by evaluating empirical data using speciﬁc theoreti­
cal expectations. This represents a ﬁrst step towards 
the application of more comprehensive approaches 
(e.g. Bowcock et al. 1991; Neigel and Avise 1993; 
Wakeley and Hey 1997) to invading species. 
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